Nanofiller-containing resin composites have gained appreciable market share in dentistry due to their claims of high mechanical strength and low polymerization contraction. In this study, the polishability of one nanofill (Filtek Supreme XT/FIL) and three nanohybrid materials (Grandio/GRA, Tetric EvoCeram/TET, Venus Diamond/VED) was investigated using surface profilometry and SEM. After the specimens were cured under a Mylar strip or pre-ground with 600-grit SiC paper, three polishing systems were applied and their polishing effects compared: diamond polishing points, a diamond paste, and urethane-backed aluminum oxide disks. Except for the profilometry results obtained by glass filler-containing GRA and VED with one polishing system that comprised the consecutive application of diamond particles and a diamond polishing paste, the final roughness (Ra) of all other specimens were lower than the clinically acceptable 0.2 µm threshold. The surface textures of the polished nanofill FIL and nanohybrid TET were uniformly smooth, whereas relief polishing effects and filler extrusion of varying extents were seen on the nanohybrid composites GRA and VED.
INTRODUCTION
Adequate finishing and polishing of resin composites is a prerequisite for high-quality esthetics and enhanced longevity of resin-based restorations. A survey of published studies indicated that smooth, highly polished restorations present a host of advantages ranging from esthetics to survival: more esthetically appealing and easier to maintain than restorations with a more roughened surface [1] [2] [3] ; less susceptible to plaque accumulation [4] [5] [6] [7] and extrinsic discoloration 8, 9) ; and improved mechanical properties 10) . For resin composite restorations polymerized under a matrix strip, they tend to exhibit the smoothest surface; nonetheless, the marginal areas would still require finishing and polishing.
On the latter procedure, several investigations have shown that removal of the polymer-rich, outermost resin layer is essential to achieving a stain-resistant, more esthetically stable surface [9] [10] [11] . On the other hand, Park et al. 12) found no differences in surface discoloration between celluloid strip-finished and the polished surfaces of microhybrid composites.
Finishing and polishing requires sequential use of at least two -but generally more -instruments with gradually smaller abrasive particles.
Apart from polyurethane-based finishing and polishing disks, fine diamond burs, rubberized resin-or silicon-impregnated abrasives, and polishing pastes are the most frequently used abrasives to obtain the desired glossy and smooth surface 13, 14) . The final polishing result depends on the filler size, shape, and loading in the resin composite. The larger the filler particles, the rougher the surface would be after polishing 15, 16) .
Recently, apart from the traditional hybrid-type and microfilled resins, a new group of resin composites containing nano-sized filler particles has been introduced.
These materials are claimed to offer reduced polymerization contraction, enhanced mechanical characteristics, and improved esthetics [17] [18] [19] [20] . Nanofill composites are formulated with both nanomer and nanocluster filler particles, whereas nanohybrid composites are hybrid resin composites containing finely ground glass filler and nanofiller in a prepolymerized filler form 14) . Due to the differences in filler size and type, alternative polishing concepts might apply for these new materials with a concomitant necessity to evaluate these polishing methods.
Therefore, the present study investigated the effects of three polishing systems (two two-step systems and one three-step system) on the surface texture and roughness of one nanofilled and three nanohybrid composites, using a profilometer test and by scanning electron microscopy. The null hypotheses tested were that there would be no differences in surface roughness (1) among the polished resin composites for each polishing system; (2) among the three polishing systems for each resin composite; and (3) between the polishing of Mylar-finished and pre-ground surfaces. Table 1 lists the four resin composites used in this study and their compositions: Filtek Supreme XT (FIL), Grandio (GRA), Tetric EvoCeram (TET), and Venus Diamond (VED). Table 2 then lists the three polishing systems used and their details, which were namely, two two-step systems and one three-step system with sequentially reduced abrasive particle size. Table 2 Polishing systems* used in this study specimens. Light-cured resin composite specimens were pushed out of their molds and stored at ambient atmosphere for a maximum of 1 hour before initial surface roughness determination. From each of the four resin composites and for each of the three polishing systems, five specimens were prepared accordingly.
MATERIALS AND METHODS

Specimen preparation
Surface roughness measurement
Surface roughness was determined using a profilometer (Surfcorder SE-40D, Kosaka Laboratory Ltd., Tokyo, Japan) equipped with a diamond pick-up (tip radius: 5 µm, load: 4 mN). Each specimen was measured five times at different locations and in different directions near the center of the specimen, and the average roughness, Ra, was derived from these five readings. Tracing length was 0.8 mm, stylus speed was 0.5 mm/ second, and cut-off length was 0.25 mm. For each measurement, the stylus was automatically moved forward and backward three times along the same path. Traces 2 through 6 were automatically evaluated for surface roughness calculation.
To prevent operator variability, the same operator (Tatsuo Endo) performed all the polishing procedures. In total, 320 resin composite surfaces (1,600 roughness measurements) were evaluated. Each polishing tool or disk was discarded after being used on three specimen surfaces only. 1. Surface roughness of specimens cured under Mylar strip During the test run for specimens cured under the Mylar strip, the average surface roughness value of five specimens of each resin composite was used as the reference value. For the first round of polishing, the largest abrasive particle size of each polishing system was used.
The Heraeus and Shofu polishing instruments were used under water spray, whereas the Sof-Lex discs were applied dry.
All polishing procedures were performed intermittently for 20 seconds at low speed.
After the first round of polishing using the largest abrasive particle size of each polishing system, the surface roughness of the polished specimens was measured. Likewise, after the second round of polishing using a reduced abrasive particle size of each polishing system, surface roughness was measured again. For Sof-Lex, a third round of polishing was performed using the superfine discs followed by surface roughness measurement. 2. Surface roughness of specimens ground on 600-grit SiC paper With the same specimens cured under the Mylar strip, their reverse surfaces were manually ground for 10 seconds on wet 600-grit SiC paper under slight pressure and in varying directions. After rinsing and air-drying, the respective reference surface roughness values were determined during the test run. The same polishing procedures and sequences as above for the Mylar strip-cured surfaces were performed on the preground surfaces. 3. Statistical analysis Data were analyzed using ANOVA and Tukey's post hoc test at 5% significance level for comparison of mean Ra values among the polishing systems and resin composites.
Scanning electron microscopy (SEM)
With each resin composite, the following specimen surfaces were randomly chosen for SEM examination (VE-8800, Keyence Inc., Osaka, Japan): surface preground with 600-grit SiC paper and the final polished surfaces with the different polishing systems. The specimens were sputter-coated with platinum to a thickness of approximately 5 nm, and photographs of representative areas were taken at 1000× and 3000× magnification. Table 3 Table 3 Means and standard deviations (s. d.) of surface roughness Ra (µm) from five specimens with five readings each composites tested under the different treatment conditions. For each resin composite, the lowest roughness value was obtained when cured under a Mylar strip whereas the highest was obtained when ground on 600-grit SiC paper. Further, the Mylar strip-cured composites had very similar roughness values, whereas large deviations were observed for SiCground composite specimens: VED exhibited the lowest roughness value and GRA the highest.
RESULTS
Surface roughness measured by profilometry
Except GRA, all the resin composites showed decreasing surface roughness when finer-grit instruments were applied following the first and/or second rounds of polishing. In the case of GRA, a marked difference in surface roughness was seen when the SHO polishing system was applied: the surface was significantly lower in surface roughness after polishing with Compo Master than after subsequent polishing with DirectDia Paste. Figures 1 through 4 show the box-and-whisker plots (median values and interquartile ranges) for the surface roughness (Ra) of the four resin composites tested. Same lowercase letters on top of the boxes denote groups that were not significantly different statistically. On the left half of each box-and-whisker plot was the reference value (white bar) of the Mylar strip-cured surface, and on the right half the reference value of surface pre-ground with 600-grit SiC paper. For each polishing system, the indicated roughness value was the one obtained after the final round of polishing, starting either with the strip-cured surface (left half of the plot) or the SiC-ground surface (right half of plot). With all the three polishing systems, the overall lowest Ra values were found for the nanofill composite FIL, and the highest ones in nanohybrid GRA. For each of the four resin composites tested, the surface roughness obtained with the HER and 3M polishing systems on strip-cured and SiC-ground surfaces were rather similar respectively. With the nanohybrid GRA, the polished surfaces exhibited higher surface roughness values than the other resin composites. For nanohybrid TET with prepolymerized particles, only very moderate increase in Ra was observed when comparing the surface roughness of strip-cured surface against that obtained after applying the HER and 3M polishing systems.
Three-way univariate ANOVA revealed that the three main factors and their interactions were significant determinants of surface roughness. Bonferroni post hoc test proved that HER and 3M polishing systems were not significantly different from each other but significantly different from SHO (HER, 3M < SHO; p<0.05). The independent sample t-test revealed that the two pretreatment groups and the subsequent polishing results were not significantly different (p=0.474).
SEM observation
The SEM microphotographs in Figs. 5 through 7 illustrate the surface finish of the resin composites achieved with the three polishing systems based on surfaces pre-ground with 600-grit SiC paper. Figure 5 shows the effects of the HER polishing system. FIL was characterized by a very smooth surface. Round nanoclusters were displayed with very fine polishing scratches. GRA was also polished to a rather smooth finish.
However, the differential abrasive effect especially on large filler particles and the surrounding matrix was clearly seen at 3000× magnification. The grain size distribution of the glass ceramic particles apparently covered a wide range, with the largest particle diameter at about 20 µm. The TET surface revealed prepolymerized particles surrounded by a polymer matrix, the latter loaded with very fine glass particles.
Besides, the superficial grinding scratches of the High Gloss Polisher were clearly seen. The VED surface revealed glass particles, some of them larger than 15 µm, embedded in a polymer matrix loaded with fine-grain small particles. Larger glass particles protruded from the surrounding surface, apparently dislodged from the matrix. Figure 6 shows the effects of the SHO polishing system. The texture of FIL was very smooth and similar to the one obtained with the HER polishing system in Fig. 5a . In contrast, GRA exhibited a very rough surface, characterized by craters created due to lost fillers and broken glass particles. The TET surface showed minor holes, which were apparently created due to debonding of small glass particles, predominantly in the matrix around the prepolymerized fillers. However, the overall appearance was rather smooth. With VED, some glass particles were merely loosely retained and some small defects indicated sites where filler particles were plucked out. However, the surface was not nearly as rough as the one seen for GRA. Figure 7 shows the effects of the 3M polishing system. The FIL and TET surfaces were very smooth and uniformly abraded. GRA showed a tendency in large filler debonding from the surrounding matrix and defects created after filler dislodgment; however, the remaining surface appeared smooth. With VED, except for a few locations which indicated debonded or partially loosened fillers, the surface was uniformly abraded and smooth.
DISCUSSION
Finishing and polishing of resin composite restorations are steps critical to enhancing the esthetics and longevity of restored teeth 21, 22) . Finishing refers to the contouring of the cured restoration whereas polishing reduces the roughness produced by finishing instruments 15) . Poorly polished restorations are susceptible to surface staining, plaque accumulation, gingival irritation, and recurrent caries 4, 5, 23, 24) . As for the surface quality of resin composite restorations, it has been established that it is closely related to both the polishing procedure and inherent material characteristics such as size, hardness, amount of filler particles, and structure of the resin matrix [25] [26] [27] . In the present study, pretreatment of resin composite surfaces was either as cured under a Mylar strip or "finished" with wet, 600-grit SiC paper. Finishing cured specimens with SiC paper of 600-grit (average particle size: 30 µm) was a reasonable procedure, since dental finishing instruments are often loaded with abrasive particles of this size or a similar grain size. Further, grinding on wet SiC paper bore the additional advantage of a finishing process that was easier to standardize than with rotating instruments. After SiC grinding, the Ra values of the four resin composites tested were in the range of 0.26 to 0.43 µm -similar to the Ra results reported in a previous study using 600-grit SiC as abrasive 28) . Typically in the clinical setting, resin restorations must be contoured or finished at least along the marginal areas, but rarely at the strip-cured surface. In the context of the present study, both types of pretreated surfaces were subjected to polishing. For the Mylar strip-cured surface, the resin-rich surface must be eliminated [29] [30] [31] ; for the finished surface, it must be polished to obtain a smooth surface texture. In contrast to other studies 28, [32] [33] [34] where the resin composite specimens were polished after water storage for 24 hours or longer, the dry specimens were finished and polished soon after curing, following the routine clinical procedure.
In this study, the surface characteristics of the finished and polished composites were determined qualitatively using SEM and quantitatively using 2D profilometry.
Although 3D profilometry gives a complete description of the surface topography and AFM equipped with a 0.01-µm tip offers much better spatial resolution of the traced surface, 2D profile tracing results are more commonly reported in dental materials' investigations 35, 36) . The surface roughness parameter, Ra, used in the present study is an amplitude parameter characterizing the surface based on vertical deviations of the roughness profile from the mean line. The Ra value is the arithmetic average value of the departure from profile from the centerline. Another useful parameter to assess the surface quality of polished resin composites is gloss. This parameter is probably more closely related to a dentist's visual surface evaluation, but not well correlated with the aforementioned surface roughness amplitude parameters such as Ra.
According to Chung 27) , the Ra value determined by 2D profilometry was less than 1 µm when the composite surfaces were visibly smooth. On the other hand, if 2D surface roughness (Ra) were above 0.2 µm, it exceeded the clinically acceptable threshold for composite resin restorations 37) . According to Bollen et al. 37) , higher Ra values were accompanied by increased plaque accumulation and higher risk for dental caries and periodontal diseases. At this juncture, it should also be pointed out that these data 37) conflicted with other studies which reported that there were no differences in plaque accumulation throughout the roughness (Ra) range of 0.7−1.4 µm 4, 5, 38) . In the present study, all the four resin composites were finished and polished using identical procedures. The 3M Sof-Lex series of discs was also included as a polishing system because it has become a pseudo standard frequently used in research trials, chiefly because of the smooth surface commonly achieved without destroying the resin composite surface 39) . Using the 3M polishing system, surface roughness (Ra) was about 0.1 µm or less for FIL, TET, and VED, but significantly higher at about 0.15 µm for GRA. These differences in surface texture were clearly observed in the SEM microphotographs, which showed loosened filler particles and holes created due to dislodgement of fillers on the GRA surface. In contrast, the surfaces of FIL and TET were very uniformly polished, whereby no relief polishing effect was seen between the fillers and the surrounding matrix.
Occasionally, manufacturers market their own polishing systems purportedly custom-made for their own brands of resin composite materials. Against this backdrop, Heraeus Kulzer promotes the Venus Supra polishing set for the polishing of their nanohybrid resin composite, Venus Diamond (VED), as well as other composite materials. In the present study, surface smoothness achieved with the consecutive use of Preand High-Gloss Polishers was very similar to that obtained with the three-step Sof-Lex system, which was less than 0.1 µm Ra.
These data were in good agreement with the Ra roughness results obtained for modern resin composites in another study, which also used the Sof-Lex system 40) . As for the effect of Heraeus polishing system on GRA, higher surface roughness (Ra) values were obtained compared to the other three resin composites. Although a seemingly rather smooth surface was achieved for GRA at 1000× magnification, SEM examination at 3000× magnification revealed a less homogeneously abraded surface.
Filler particles protruded out of the surface due to differential abrading effect, especially on the large glass fillers and the surrounding resin matrix loaded with fine milled glass nanoparticles.
The Shofu polishing system, which was based on diamond abrasion, is widely used in Japan. For this polishing system, it was assumed that the consecutive use of the Compo Master rotational tool with 6-µm diamond particles followed by a paste containing 3-µm diamond particles would create smooth and fine-cut surfaces. In this study, an obvious difference was observed between two composites with nanoclusters versus prepolymerized particles on the one hand, and on the other hand significantly inferior polishing results obtained for two nanohybrid composites, GRA and VED.
In particular, GRA showed a heavily destroyed surface. Besides, it was interesting to see that Compo Master with larger-sized diamond particles produced a significantly smoother surface than the final surface produced with diamond paste polishing.
Da Costa et al. 41) reported similar effects as observed for GRA when evaluating diamond polishers with different diamond grain sizes, where a polisher with 10-µm diamond particles created a smoother surface than an instrument with 5-µm diamond particles. Presumably, the relatively large diamond powder particles of Compo Master had a strong impact on the large GRA filler particles, loosening them from the matrix and making them vulnerable for the consecutive paste polishing with smaller diamond particles. In another article, the detrimental surface alteration effect of relatively large diamond particles in finishing instruments on composite resins was described 42) . According to a classification proposed by Senawongse and Pongprueksa 14) , nanofill composites such as FIL are composed of both nanomer and nanocluster filler particles, whereas nanohybrid composites such as TET is a hybrid resin composite with nanofiller in a prepolymerized filler.
Other authors used a different classification, placing nanohybrid TET together in a group with GRA and VED, although the latter composites contain a significant fraction of milled glass fillers and a relatively small percentage of discrete nanoparticles 32, 33) . Among the resin composites tested in this study, only FIL was considered a true nanofill composite containing nanoclusters, whereas TET was a nanofill composite with a different concept, namely nanoparticles in prepolymerized secondary particles.
For nanofill FIL and nanohybrid TET, similar encouraging results were obtained for the roughness parameter Ra and the final surface texture with the three polishing systems, and that there were no signs of dislodged nanocluster or nanofilled prepolymer particles.
In contrast, GRA and VED -which contained glass fillers -showed slightly higher surface roughness when polished with the Heraeus or 3M polishing system; nonetheless, their mean Ra values were still well below the 0.2 µm threshold value 37) . However, when the Shofu diamond polishing system was used on GRA and VED, their surface roughness was significantly increased and SEM showed detrimental surface alteration and glass filler dislodgment, thereby explaining the significantly increased Ra values.
Two null hypotheses tested in this study were that there would be no differences in surface roughness: (1) among the polished resin composites for each polishing system; and (2) among the three polishing systems for each resin composite. Based on the results obtained, both Hypotheses (1) and (2) were rejected. As for Hypothesis (3) -which was there would be no differences in surface roughness between the polishing of Mylar strip-cured and pre-ground surfaces, it was accepted.
In conclusion, the surface roughness achieved with the final polishing steps of the Venus Supra and SofLex systems on the four nanofill and nanohybrid resin composite materials was very satisfactory and well below the clinically acceptable threshold value of 0.2 µm. As for the diamond polishing system comprising the Compo Master and DirectDia Paste, it is recommended only for nanofill Filtek Sumpreme XT and nanohybrid Tetric EvoCeram in light of the results obtained in this study.
For glass filler-loaded nanohybrid composites Grandio and Venus Diamond, higher surface roughness was obtained as well as detrimental surface alteration with varying degrees of glass filler dislodgement.
